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ABSTRACT
We investigate low-density accretion flows onto massive black holes (BHs) with masses of & 105 M
orbiting around in the outskirts of their host galaxies, performing three-dimensional hydrodynamical
simulations. Those wandering BHs are populated via ejection from the galactic nuclei through multi-
body BH interactions and gravitational wave recoils associated with galaxy and BH coalescences. We
find that when a wandering BH is fed with hot and diffuse plasma with density fluctuations, the mass
accretion rate is limited at ∼ 10 − 20% of the canonical Bondi-Hoyle-Littleton rate owing to a wide
distribution of inflowing angular momentum. We further calculate radiation spectra from radiatively
inefficient accretion flows onto the wandering BH and find that the spectra have a peak at the millimeter
band, where the Atacama Large Millimeter/submillimeter Array (ALMA) has the highest sensitivity
and spatial resolution. Millimeter observations with ALMA and future facilities such as the next
generation Very Large Array (ngVLA) will enable us to hunt wandering BH population and push
the detectable mass limit down to M• ' 2 × 107 M for massive nearby ellipticals, e.g., M87, and
M• ' 105 M for Milky Way. This radiation spectral model combined with numerical simulations will
be applied to give physical interpretations of off-nuclear BHs detected in dwarf galaxies, which may
constrain BH seed formation scenarios.
Keywords: Accretion — Gravitational waves — Interstellar medium — Radio continuum emission —
Supermassive black holes
1. INTRODUCTION
Supermassive black holes (SMBHs) are harbored at
the nuclei of almost all massive galaxies in the present-
day universe (Kormendy & Ho 2013). In the bottom-up
hierarchical structure formation of the Λ cold dark mat-
ter (CDM) cosmologies, galaxies were assembled out of
smaller mass via halo and galaxy mergers. As a natural
outcome of frequent galaxy mergers, incoming massive
BHs would sink toward the centers, form binary SMBHs
at the galactic nuclei, and coalesce with gravitational
wave (GW) emission, if the BHs would decay their orbit
via dynamical processes within a Hubble time (Begel-
man et al. 1980; Yu 2002; Merritt 2013; Khan et al.
2016; Kelley et al. 2017). Low-frequency GW detectors
(LISA, Tianqin, Taiji) and experiments (PTA) will en-
Corresponding author: inayoshi@pku.edu.cn
able us to probe the cosmological evolution of SMBHs in
the current framework of cosmology (Sesana et al. 2008;
Inayoshi et al. 2018a; Bonetti et al. 2018a,b, 2019; Luo
et al. 2016)
Giant elliptical galaxies, the most massive objects in
the local universe, have experienced a large number of
merger events, predominantly minor and dry (i.e., gas-
poor) mergers at lower redshifts (z < 2), where their
star formation activities ceased (Thomas et al. 2005).
In gas-poor environments, multi-body BH interactions
would be one plausible way to make BHs coalesce within
a short timescale. Because of the nature of multi-body
interactions, less massive objects are likely to be ejected
from the core, leaving behind more massive binaries
(Bonetti et al. 2018a; Ryu et al. 2018). Those ejected
BHs with high velocities comparable to the escape speed
from the galactic cores plunge into diffuse hot gas in the
galactic outskirts and orbit as wandering BHs (Zivancev
et al. 2020). Similarly, the anisotropic emission of GWs
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(or ‘gravitational recoil’) during the final coalescence of
two SMBHs would make the merger remnant offset from
the centers of the host galaxies (Bekenstein 1973; Cam-
panelli 2005; Campanelli et al. 2007a,b; Lousto et al.
2012). Wandering BHs can also be populated by mi-
nor galaxy mergers with significantly low mass ratios
(q  0.01) and could fail to reach the galactic center
within a Hubble time due to slow dynamical friction
(Schneider et al. 2002; Bellovary et al. 2010; Tremmel
et al. 2018b). However, those BHs are significantly less
massive compared to the population ejected via dynam-
ical processes from the galactic centers.
Ejected BHs, depending on the velocity, are bound
within the galactic halo potential and orbit in diffuse gas
at velocities of v∞ ' σ?, where σ? is the stellar velocity
dispersion. When a BH with a mass of M• is moving in
fixed medium (or a BH stays fixed in a moving medium),
mass accretion onto the BH begins from a characteristic
radius, where the negative gravitational energy becomes
greater than the sum of the kinetic and thermal energy
of the gas. The so-called Bondi-Hoyle-Littleton (BHL)
radius is given by
RBHL ≡ GM•
c2∞ + v2∞
, (1)
(Bondi 1952), where G is the gravitational constant and
c∞ is the sound speed of gas incoming from infinity. In
the classical picture, the incoming laminar flow develops
a bow shock in front of the BH and accretes to the hole
from the backward direction. However, 3D numerical
simulations find that the symmetric accretion behavior
is broken by the instability at the shock front, leading
to highly turbulent flows (see a review of earlier studies
in Edgar 2004). In the presence of a density gradient in
the inflowing gas, non-zero angular momentum is carried
with accreting turbulent matter and a disk-like structure
forms around the BH (Xu & Stone 2019).
Generally, the outskirts of massive galaxies are filled
with hot and diffuse plasma with density of ne '
0.1 cm−3 and temperature of T ' 107 K (e.g., Rus-
sell et al. 2013). Since wandering BHs are likely fed
with the plasma at significantly low rates, the accre-
tion matter does not cool via emitting radiation, but
forms a geometrically thick and hot disk. The solu-
tion of radiatively inefficient accretion flows (RIAFs) has
been found by Ichimaru (1977) and studied in the subse-
quent works by Narayan & Yi (1994, 1995a). There are
several different solutions of RIAFs, depending on what
physical processes transport energy and angular momen-
tum; the advection-dominated accretion flow (ADAF;
Narayan & Yi 1994, 1995a), the convection-dominated
accretion flow (CDAF; Narayan et al. 2000; Quataert &
Gruzinov 2000), and the adiabatic inflow-outflow solu-
tion (ADIOS; Blandford & Begelman 1999, 2004). In
addition, numerical simulations suggest that the prop-
erties of the accretion flow are affected by the choice of
the initial conditions and boundary conditions (e.g., In-
ayoshi et al. 2018b). When the gas is weakly bound to
the central BH and turbulent with a wide range of spe-
cific angular momentum as expected for mass accretion
onto a wandering BH, the overall properties of accretion
differ from those of the known solutions.
Detecting a population of wandering BHs in the out-
skirts of massive galaxies is a missing link in the above
scenario. Since the electromagnetic emission from such
a BH population is expected to be weak, it is diffi-
cult to identify the presence of accreting BHs (e.g.,
Ho 2008). For low-luminosity active galactic nuclei
(AGNs) with radiative luminosities significantly lower
than the Eddington value of LEdd, the commonly used
diagnostics with optical lines are not useful (Schulze &
Wisotzki 2010). Previous studies have focused on X-
rays from low-luminosity accreting BHs (e.g., Zivancev
et al. 2020). However, a long exposure time (hours) is
generally required to search and detect such dim X-ray
sources even at modest distances.
Observationally, the nuclear emission from low-
luminosity AGNs is produced by synchrotron radia-
tion that has a peak energy between the radio and
far-infrared bands (e.g., Ho 1999, 2008). The level of
radio-loudness scales inversely with the AGN activi-
ties, namely the Eddington ratio (Ho 2002; Sikora et al.
2007). That spectral feature is also seen in the nearest
SMBH, Sagittarius A?, whose activity is known to be
very quiescent at present (Lbol/LEdd ∼ 10−8; Narayan
et al. 1998). The radio emission is considered to be pro-
duced from the accretion flow on the nuclear BH and/or
by relativistic jets (Narayan et al. 1995; Mahadevan
1997; Falcke & Markoff 2000; Yuan et al. 2004; Yuan
& Narayan 2014). Recent magneto-hydrodynamical
simulations that treat electron thermodynamics and
frequency-dependent radiation transport suggest that
synchrotron radiation is dominated in spectra of accre-
tion flows at rates of M˙•  10−5 M˙Edd (Ryan et al.
2017; see also Mos´cibrodzka et al. 2011), where the Ed-
dington accretion rate is defined as M˙Edd ≡ 10 LEdd/c2.
Motivated by those backgrounds, in this paper, we
investigate the dynamics of low-density accretion flows
onto a moving BH and estimate the BH feeding rate,
performing three-dimensional hydrodynamical simula-
tions. We apply the simulation result to BHs wandering
at the outskirts of massive galaxies filled by hot and dif-
fuse plasma, and find that the radiation spectra have a
peak in the millimeter band, where the Atacama Large
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Millimeter/submillimeter Array (ALMA) has the high-
est sensitivity and spatial resolution. Millimeter obser-
vations with the ALMA and future facilities such as the
next generation VLA (ngVLA) 1 will enable us to hunt
for a population of wandering BHs.
The rest of this paper is organized as follows. In § 2,
we describe the methodology of our numerical simula-
tions. In § 3, we show our simulation results and explain
their physical properties. In § 4, we present the radia-
tion spectra of wandering BHs that accrete gas at the
outskirts of different types of galaxies and discuss their
detectability. We summarize our conclusions in § 5.
2. METHODOLOGY
We solve the 3D hydrodynamical equations using the
open source code PLUTO (Mignone et al. 2007). The
basic equations are the equation of continuity,
dρ
dt
+ ρ∇v = 0, (2)
and the equation of motion,
ρ
dv
dt
= −∇p− ρ∇Φ, (3)
where ρ is the density, v is the velocity, p is the gas
pressure, and the gravitational potential is set to Φ =
−GM•/r, with r the distance from the central BH. The
time derivative is the Lagrangian derivative, given by
d/dt = ∂/∂t+ v · ∇. We solve the energy equation
ρ
de
dt
= −p∇ · v (4)
where e is the internal energy per mass. The equation
of state of the ideal gas is assumed as p = (γ − 1)ρe,
where the adiabatic index γ = 1.6 here.
We introduce basic dimensionless physical quantities
which characterize accretion systems of a BH with a
mass of M• moving at a velocity of v∞. If radiative
and mechanical feedback associated with BH feeding are
negligible, mass accretion begins from the BHL radius
(see Eq. 1) and the standard expression of the accretion
rate is given by
M˙BHL =
4piG2M2•ρ∞
c3∞(1 +M2)3/2
, (5)
whereM(= v∞/c∞) is the Mach number and ρ∞ is the
density of the ambient gas (Shima et al. 1985; Ruffert
1 https://ngvla.nrao.edu/
Figure 1. Initial density distribution on the x − y plane
(θ = pi/2) given by Eq. (7) with M = 2 and λ = 5RBHL.
The flow has a uniform velocity field of v = −v∞xˆ.
& Arnett 1994). The accretion rate normalized by the
Eddington rate is given by
m˙BHL ' 1.5× 10−6 (1 +M2)−3/2 (6)
×
(
M•
107 M
)(
ρ∞
10−25 g cm−3
)(
T
107 K
)−3/2
.
Throughout this paper, we focus on accretion flows at
a low rate of m˙BHL  10−4, where the gas adiabatic-
ity holds without radiative cooling, and ensure that our
numerical results are scale-free.
To compute the basic equations, we employ spherical
coordinates (the position of the BH is the coordinate
origin) in a three-computational domain of rin ≤ r ≤
rout,  ≤ θ ≤ pi −  and 0 ≤ φ ≤ 2pi, where rin =
0.08 RBHL, rout = 16 RBHL in our fiducial cases and
 is set to 0.001 to avoid numerical singularity at the
poles. We set up logarithmically spaced grids in the
radial direction and uniformly spaced grids in the θ and
φ directions. The number of grid points of our standard
resolution is set to Nr × Nθ × Nφ = 128 × 128 × 128.
We also run simulations with a lower resolution (Nr ×
Nθ×Nφ = 64×64×64) and with larger values of rin, in
order to check the convergence of the simulation results.
As initial conditions, we set a uniform velocity field of
v = −v∞xˆ, where xˆ is the normal vector along the x-
axis (θ = pi/2, φ = 0). The density distribution is given
by
ρ
ρ∞
= 1 +A exp
{
− R
2
BHL
(x− x0)2
}
sin
2piy
λ
cos
2piz
λ0
, (7)
where the amplitude of fluctuation is set to A = 0.99
at x > 2RBHL, |y| < λ, and |z| < λ/4, and A = 0
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Table 1. Parameters of the models.
Name M λ(RBHL) rin(RBHL) Nr ×Nθ ×Nφ
A2 2 5 0.08 1283
B2 2 2.5 0.08 1283
A1 1 5 0.08 1283
B1 1 2.5 0.08 1283
A0 0.5 5 0.08 1283
B0 0.5 2.5 0.08 1283
A2r2 2 5 0.16 1283
A2r4 2 5 0.32 1283
A2low 2 5 0.08 643
Note—Column 1: simulation name; Column 2: Mach num-
ber; Column 3: wavelength of fluctuation normalized by
RBHL; Column 4: position of the radial inner boundary nor-
malized by RBHL; Column 5: cell numbers.
elsewhere. The characteristic wavelengths along the
y- and z-directions, which are perpendicular to the x-
axis, are expressed as λ and λ0 (5 RBHL), and we set
x0 = 2 RBHL. We also impose a pressure equilibrium
within the density bumps (p∞ = ρ∞c2∞/γ) to prevent
the bumpy structure from being smeared out before en-
tering within the BH gravitational sphere of influence
(r < RBHL). In our simulations, the Mach number M
and wavelength λ are free parameters, which character-
ize the amount of angular momentum supplied to the
vicinity of the BH. As an example, Figure 1 shows the
initial density distribution for the case withM = 2 and
λ = 5 RBHL.
The outer boundary (r = rout) is divided into the
upstream (0 ≤ φ < pi/2 and 3pi/2 ≤ φ ≤ 2pi) and down-
stream side (pi/2 ≤ φ < 3pi/2). At the upstream side, we
inject gas inflow at a velocity of v∞ with density set by
Eq. (7). We adopt the outflow boundary condition at
the outer-most grid (downstream side) and inner-most
grid (Stone & Norman 1992), where zero gradients cross
the boundary are imposed on physical quantities in or-
der to avoid spurious reflection of wave energy at the
boundary. At the inner boundary, vr ≤ 0 is imposed
(i.e., inflowing gas from ghost cells is prohibited). We
also set a continuous condition on the poles (θ = 0 and
pi) to avoid the unphysical singularity. In the continuous
condition, the values in the ghost cells are copied from
the grids on the other side of the pole and the signs of vθ
and vφ are flipped (Stone et al. 2019). We test that for
M• = 0 (i.e., no gravitational force), the density per-
turbations are advected, keeping the bumpy structure
from the upstream (x > 0) to the downstream (x < 0)
side without numerical diffusion and reflection due to
numerical artifacts.
In Table 1, we summarize the simulation parameters
we investigate in this paper. We study the dynamics of
mildly sub/supersonic gas flows (0.5 ≤M ≤ 2) because
those are relevant to the case of BHs wandering in the
outskirts of galaxies accreting hot plasma (see discus-
sion in §4). The characteristic scale of density fluctua-
tion λ is set to ∼ O(RBHL), in order to study the effect
of disk formation caused by advection of angular mo-
mentum within RBHL (in the limit of λ  RBHL, the
flow pattern approaches the classical BHL accretion).
To see the impact of our choice of λ, we consider two
cases with λ = 5 RBHL (run A) and 2.5 RBHL (run
B). We also check the dependence on rin for simulation
A2. All the simulations last until t = 40 tBHL, where
tBHL ≡ RBHL/(c2∞+v2∞)1/2 is the characteristic dynam-
ical timescale.
3. RESULTS
3.1. Overview of the simulations
First, we discuss our fiducial case of A2, where a mas-
sive BH moves at a constant velocity with a Mach num-
ber M = 2 into hot plasma that has a density fluctu-
ation with a characteristic wavelength λ = 5 RBHL. In
Figure 2, we show the two-dimensional snapshots of the
accretion flow at the plane of z = 0 (i.e., perpendicular
to the net angular momentum vector) at three different
elapsed times of t/tBHL = 2, 5, and 35. In the early stage
(t = 2 tBHL), the supersonic gas flow is attracted by the
gravitational force of the BH and forms a bow shock
with a symmetric structure in front of the BH. As the
density fluctuations reach within the BH influence ra-
dius (t = 5 tBHL; middle panels), two streams both from
y > 0 and y < 0 collide at y = 0 and dissipate the linear
momentum parallel to the y-axis. Because of the den-
sity asymmetry, however, non-zero angular momentum
is left behind the colliding flows, and thus the denser flow
from 0 < y/RBHL < 0.7 accretes onto the BH, forming
spiral arms and shocks. In the late stage after several dy-
namical timescales (represented at t = 35 tBHL; bottom
panels), the laminar flow with a spiral structure turns
chaotic and turbulent. Since the gas is adiabatically
compressed due to the lack of radiative cooling, ther-
mal pressure is not negligible. Therefore, the turbulent
flow becomes subsonic (Mtur ≈ 0.5; third column) and
the rotational velocity is sub-Keplerian (vφ/vKep ≈ 0.3;
fifth column). In this turbulent stage, the BH is fed not
only through the disk but also by free-falling gas with
substantially small angular momentum.
Figure 3 shows the time evolution of gas accretion rate
M˙/M˙BHL through the sink cell at r = rin (top panel)
and mean specific angular momentum to the z-direction
j¯z/jKep of the accreted mass (bottom panel). Blue solid
Draft 5
-1.0
-0.5
0.0
0.5
1.0 2 tBHL
-1.0
-0.5
0.0
0.5
1.0 5 tBHL
RBHL-0.5 0.0 0.5 RBHL
-1.0
-0.5
0.0
0.5
1.0 35 tBHL
RBHL-0.5 0.0 0.5 RBHL RBHL-0.5 0.0 0.5 RBHL RBHL-0.5 0.0 0.5 RBHL RBHL-0.5 0.0 0.5 RBHL
100 101 102
T/T
1.0 0.5 0.0 0.5 1.0
v /vKep
1.0 0.5 0.0 0.5 1.0
vr/vff
0.0 0.5 1.0 1.5 2.0100 101 102
/
Figure 2. Snapshots of accretion flow for the fiducial simulation A2 at three different elapsed times of t = 2, 5, and 35 tBHL,
sliced at z = 0. From the left to the right, we show the gas density ρ/ρ∞, temperature T/T∞, Mach number M, radial
velocity vr normalized by free-fall velocity vff =
√
2GM•/r, and azimuthal velocity vφ normalized by the Keplerian velocity
vKep =
√
GM•/r. The accretion flow is symmetric with respect to y = 0 in the early stage (t = 2 tBHL), forms a spiral structure
due to angular momentum supply in the middle stage (t = 5 tBHL), and becomes highly turbulent in the late stage (t = 35 tBHL).
curves correspond to our fiducial case. The accretion
rate rises up to the BHL rate by t = 2 tBHL and drops
to ∼ 0.1 M˙BHL when density bumps enter within the BH
influence radius and supplies angular momentum of &
0.8 jKep into the accreting matter. At t > 10 tBHL, mass
accretion approaches a quasi-steady state at a mean rate
of 〈M˙〉 ≈ 0.15 M˙BHL, though the angular momentum of
the accreting matter has a large fluctuation with a mean
value of 〈j¯z〉/jKep ≈ 0.25.
Figure 3 also shows the dependence of the accre-
tion flow and its angular momentum on Mach number
(M = 0.5, 1.0 and 2.0) and wavelength of the density
fluctuation (λ/RBHL = 2.5 and 5.0), respectively. For
all the cases, the overall behavior of the accretion flow is
qualitatively similar to that in our fiducial case: the ac-
cretion rate initially increases to ∼ M˙BHL and decreases
to a quasi-steady value after the density bumps carry
angular momentum within RBHL. In Figure 4, we also
calculate the frequency distribution of log10(M˙/M˙BHL)
and j¯z/jKep during the quasi-steady state.
With a higher Mach number, the average accre-
tion rate in the quasi-steady state tends to be lower;
〈M˙〉/M˙BHL ' 0.25, 0.20 and 0.15 in the simulations of
A0, A1 and A2, respectively. The angular momentum of
accreting matter weakly depends on the Mach number,
and the peak value is kept at 〈j¯z〉 ≈ 0.3 jKep. Besides,
as shown in Figure 4 (solid curves), the width of the
distributions becomes wider as the Mach number in-
creases. This indicates that the accretion flow becomes
more unstable and turbulent for higher values of M.
Note that since M˙BHL ∝ (1 +M2)−3/2, the accretion
rate is reduced by a factor of ' 13.3 from the A0 run
(M = 0.5) to the A2 run (M = 2).
With a shorter wavelength of density fluctuation, the
flow pattern becomes more complex although the abso-
lute values of accretion rates and angular momentum
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Figure 3. Time evolution of mass accretion rate M˙/M˙BHL (top panel) and mean specific angular momentum to the z direction
j¯z/jKep of accreted materials (bottom panel) for six simulations with different values ofM and λ. Our fiducial model is shown by
thick blue curves. The accretion rates rise to ∼ 0.5 M˙BHL at the beginning and drop down to 0.1−0.2 M˙BHL at t > 5−10 tBHL,
when density fluctuations enter within RBHL and begin to form a rotating disk (j¯z ' 0.4 jKep). For all the cases, the accretion
flows are in quasi-steady states.
do not change significantly (dashed curves in Figures 3
and 4). In Figure 5, we show the distribution of the
gas density and velocity vector at an elapsed time of
t = 20 tBHL for the A1 (left) and B1 (right) run, respec-
tively. When the half wavelength is sufficiently larger
than RBHL as shown in the left panel, the incoming
stream from 0 ≤ y ≤ λ/2 supplies mass and angular mo-
mentum with jz > 0 (i.e., the anticlockwise direction)
within RBHL. On the other hand, in the right panel, the
incoming stream from −λ/2 ≤ y ≤ −λ carries a larger
amount of angular momentum and flips the direction of
angular momentum (see also the bottom panel of Fig-
ure 3 at t = 20 tBHL). As a result of the flow colli-
sions around ∼ RBHL, the accretion flow turns highly
turbulent, and thus the angular momentum distribution
becomes wider.
3.2. The properties of the accretion flows
Next, we describe the properties of the accretion flow
onto a moving BH, considering the time-averaged pro-
files of physical quantities. In the following, we show
time-averaged values over 10 ≤ t/tBHL ≤ 40.
Figure 6 shows the radial structure of the angle-
integrated mass inflow (dashed) and outflow (dotted)
rates for the A0, A1 and A2 simulations. These rates
are defined as
M˙in = −
∫ 2pi
0
∫ pi
0
〈ρ ·min(vr, 0)〉r2 sin θdθdφ, (8)
M˙out =
∫ 2pi
0
∫ pi
0
〈ρ ·max(vr, 0)〉r2 sin θdθdφ, (9)
where 〈· · ·〉 means the time-averaged value. We also de-
fine the net accretion rate by M˙ ≡ M˙in − M˙out (solid).
Note that both the inflow and outflow rate are propor-
tional to the area (∝ r2) at larger radii where a uniform
medium moves with a constant velocity without being
affected by the gravitational force of the BH2. Within
the BH influence radius (r < RBHL), the mass inflow
rate starts to deviate from M˙in ∝ r2 and approaches
M˙in ∝ r1/2, while the outflow rate decreases toward
2 The time-averaged values of M˙ at larger radii do not converge
to zero because the flows at |x|  RBHL are not fully symmetric
within t < 40 tBHL.
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Figure 4. The frequency distribution of mass accretion rates M˙/M˙BHL (left panel) and mean specific angular momentum
j¯z/jKep of accreted materials (right panel) during the time interval of 10 ≤ t/tBHL ≤ 40. Each curve corresponds to the case
with M and λ denoted in the left panel. With higher M, the peak value of mass accretion rate decreases and its distribution
becomes wider (i.e., the flow becomes more unstable and turbulent). With smaller λ, the accretion rate and absolute values
of angular momentum do not change significantly, but the sign of angular momentum flips due to colliding flows with different
specific angular momentum (see Figure 5).
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Figure 5. Snapshots of the density distribution and velocity vectors of accretion flow for simulation A1 (left) and B1 (right)
at t = 20 tBHL, sliced at z = 0. With the larger λ (left), the angular momentum of the flow within ∼ RBHL (white circle) is
dominated by the incoming stream from 0 ≤ y ≤ λ/2, leading to jz > 0. With the smaller λ (right), the net angular momentum
is determined by complex collisions of flows with different angular momentum, inducing the flip of the rotating direction.
the center. As a result, the net accretion rate is nearly
constant, and the accretion system is in a quasi-steady
state. The radial dependence of the mass inflow rate
M˙in ∝ r1/2 is consistent with the result of simulations
where mass accretion with a broad range of angular mo-
mentum occurs (Ressler et al. 2018; Xu & Stone 2019).
We note that this accretion solution is different from
those of self-similar RIAF solutions for a static BH (see
also discussion below): M˙in ∝ r0 (ADAF; Narayan &
Yi 1995b) and M˙in ∝ r (CDAF; Quataert & Gruzinov
2000, Inayoshi et al. 2018b).
In Figure 7, we present the angle-averaged radial pro-
files of the density, rotational velocity, and tempera-
ture for the six models. For all the cases, the den-
8 Guo et al.
10 1 100 101
radius [RBHL]
10 1
100
101
m
as
s 
flu
x 
[M
B
H
L]
= 5RBHL, = 0.5
= 5RBHL, = 1
= 5RBHL, = 2
r1/2
Figure 6. The time-averaged radial profiles of the mass
inflow (dashed), outflow (dotted) and net (solid) accretion
rate for the A0 (red), A1 (green) and A2 (blue) simulations.
Within the BH influence radius (r < RBHL), the inflow rate
follows M˙in ∝ r1/2 and the net accretion rate becomes a
constant value.
sity and temperature begin to increase toward the cen-
ter within the BH influence radius (r . 2 RBHL),
where the accretion flow forms a sub-Keplerian rotat-
ing disk with a mean velocity |vφ| ≈ (0.2 − 0.4) vKep.
Since the flow is not fully supported by the centrifugal
force, the time-averaged inflow velocity is comparable
to ∼ (0.3 − 0.5) vKep. As the inflow rate in the quasi-
steady state is approximated as M˙in ∝ r1/2, the density
follows ρ ∝ r−1 (see the top panel of Figure 7). Since
radiative cooling is neglected in our simulations, the ac-
cretion flow is adiabatically compressed by the gravity
of the BH and the temperature increases to the center
following T ∝ r−1, as expected from energy conserva-
tion. Note that this treatment is valid only when the
BH is embedded in a low-density diffuse plasma so that
the radiative cooling time is longer than the dynamical
timescale at r ' RBHL (and the orbital timescale for
wandering BHs at the outskirts of galaxies; see §4). In
Figure 8, we show the time-averaged angular profiles at
r = 0.2 RBHL for the same physical quantities shown in
Figure 7. Although the density and rotational velocity
increase around the equatorial plane, the accretion flow
is no longer a geometrically thin disk structure.
The power-law density profile (ρ ∼ r−1) is qualita-
tively different from those of known RIAFs: ρ ∼ r−3/2
for ADAF solutions (Narayan & Yi 1995b) and ρ ∼
r−1/2 for CDAF solutions (Quataert & Gruzinov 2000;
Inayoshi et al. 2018b). The overall properties of the
accretion flow are similar to those discussed by Ressler
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Figure 7. The time- and angle-averaged radial structures
of the density (top), azimuthal velocity (middle), tempera-
ture (bottom) for different values of M and λ. The density
and temperature profiles within RBHL are well approximated
by a power-law distribution of ρ ∝ r−1 and T ∝ r−1, respec-
tively.
et al. (2018) and Xu & Stone (2019), where the angular
momentum of accretion flows is widely distributed.
Figure 7 also shows the dependence of the physical
quantities on the Mach number and wavelength of den-
sity fluctuation. While the density and temperature
hardly depend on the choice of λ, the density decreases
and temperature increases with higher values ofM. The
density reduction simply reflects the dependence of M˙in
on the Mach number due to the input of different angu-
lar momentum within the BH influence radius, as shown
in Figures 3, 4, and 6. We note that theM-dependence
of temperature is not true, but is because the radius is
normalized by the BHL radius. In adiabatic gas, the
temperature is given by the virial temperature indepen-
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Figure 8. Same as Figure 7, but for the angular profiles
at r = 0.2 RBHL.
dent of M; T ∝ GM/r ∝ (1 +M2)(r/RBHL)−1. The
amplitude of the rotational velocity is a fraction of the
Keplerian velocity within r . 2 RBHL, though the rota-
tion direction is more time-dependent for shorter wave-
lengths, as shown in Figure 4.
We note that our simulations do not treat an explicit
viscosity. As discussed in previous studies (Igumen-
shchev & Abramowicz 2000; Igumenshchev et al. 2000;
Narayan et al. 2000; Quataert & Gruzinov 2000; Igu-
menshchev et al. 2003), the angular momentum of the
accretion flow can be transported by turbulence excited
by colliding flows. To analyze the effect, we calculate the
r−φ component of the mass-weighted Reynolds stress,
τrφ =
1
4pi
2pi∫
0
pi∫
0
〈ρv′rv′φ〉 sin θdθdφ, (10)
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Figure 9. Radial profiles of the r − φ component of
the Reynolds stress τrφ normalized by ρv
2
Kep for the cases
with different Mach numbers. The solid and dashed curves
show positive and negative values, respectively. Since the
Reynolds stress is approximated as τrφ ∝ Ar−2, where A
is positive, turbulent motions transport angular momentum
outward within the BH influence radius.
where v′i ≡ vi − 〈vi〉. In Figure 9, we show the ra-
dial profile of the Reynolds stress normalized by ρv2Kep
for the three cases. The Reynolds stress increases with
the Mach number because the flow is more turbulent,
and for M & 1 it is approximated by τrφ ' Ar−2,
where A is positive. This positive value of τrφ indicates
that the turbulent motions transport angular momen-
tum outward. By analogy with the standard α-viscosity
model (Shakura & Sunyaev 1973), we define the effective
viscous parameter by
αˆ(r) ≡
2pi∫
0
pi∫
0
〈ρv′rv′φ〉 sin θdθdφ
2pi∫
0
pi∫
0
〈ρc2sΩ/ΩKep〉 sin θdθdφ
, (11)
to quantify the strength of turbulent viscosity. In our
simulations, we obtain αˆ(r) ' 0.2 within r ' RBHL.
Therefore, turbulence transports angular momentum ef-
fectively even without MHD effects.
3.3. Dependence on rin
Because of limitations in computing time, we do not
extend our computational domain down to the BH event
horizon scale (r ∼ rSch). Instead, we conduct two addi-
tional simulations with different locations of the inner-
most grid, at rin/RBHL = 0.16 and 0.32. Figure 10
shows the radial profiles of time-averaged and angle-
integrated mass inflow rate (dashed), outflow rate (dot-
ted), and net accretion rate M˙ for each value of rin.
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Within the BH influence radius, the inflow rate domi-
nates the outflow rate, and the net rate becomes con-
stant for all the cases. The normalization of the net
accretion rate nicely scales with M˙in(r = rin) ∝ r1/2in . In
Appendix A, we describe the physical reason why the
inflow rate depends on r1/2 with an analytical model.
In order to check whether radiative cooling matters,
we compare the the heating timescale to the cool-
ing timescale. Since ρ ' ρ∞(r/RBHL)−1 and T '
T∞(r/RB)−1, the timescale for free-free emission at
the rate of Q−br ∝ ρ2T 1/2 ∝ r−5/2 is estimated as
tcool ∝ ρT/Q−br ∝ r1/2. Since the main heating source
in a RIAF is viscous dissipation, the heating timescale
is given by tvis ' (γ(γ − 1)αˆΩ)−1 ∝ r3/2, where αˆ ' 0.2
and Ω ' 0.3 ΩKep for our case. Thus, the ratio of the
two timescales is estimated as
tvis
tcool
' 0.14
(
αˆ
0.2
)−1(
r
RBHL
)(
m˙B
10−3
)
×
(
T∞
107 K
)− 12 (
1 +M2)−2 . (12)
Since the heating timescale is shorter than the cooling
timescale everywhere within r ' RBHL, radiative cool-
ing does not play an important role in the accretion flow
as long as m˙B . 7× 10−3.
The rin-dependence of the net accretion rate affects
the actual BH feeding rate and radiative output from
the nuclear disk at r  rin. Numerical simulations of
RIAFs find that the positive gradient of the inflow rate
(i.e., s ≡ d ln M˙/d ln r > 0) ceases and the net accre-
tion rate becomes constant within a transition radius
of rtr ≈ (30 − 100) rSch (e.g., Abramowicz et al. 2002;
Narayan et al. 2012; Yuan et al. 2012; Sadowski et al.
2015). Assuming s = 1/2, the reduction factor of the
net accretion rate is estimated as ∼ (rin/100 rSch)s ' 5
for a RIAF onto a moving BH with c∞ = 500 km s−1
and M = 2. In Appendix B, we discuss how radiation
spectra are modified by this effect.
4. RADIATION SPECTRA OF WANDERING BHS
In this section, we calculate the radiation spectral en-
ergy distribution (SED) of accretion flows onto a moving
BH and discuss the detectability of wandering (SM)BHs
in different types of galaxies. The electromagnetic emis-
sion and feeding mechanism of a moving BH have both
been studied. Most previous studies have focused on X-
ray emission from low-density accretion flows (e.g., Agol
& Kamionkowski 2002; Tsuna et al. 2018; Manshanden
et al. 2019; Zivancev et al. 2020), by analogy with low-
luminosity AGNs (Ho 2008, 2009). However, the ra-
diation spectrum is expected to peak at ∼ 100 GHz,
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Figure 10. The time-averaged radial structures of the mass
inflow (dashed), outflow (dotted) and net (solid) accretion
rate for simulations with different sizes of the inner-most
grid rin. The net accretion rate follows ∝ r1/2in .
for which the radio interferometers such as ALMA and
VLA have the highest sensitivity and spatial resolution
(ALMA Partnership et al. 2015; Thompson et al. 1980).
Most radiation is generated at the innermost region of
the accretion flow near the BH event horizon. However,
because of the limitation of our numerical simulations,
we do not address the properties of accreting gas within
rin ( rSch), as discussed in §3.3. Instead, we here calcu-
late the radial distribution of physical quantities adopt-
ing a semi-analytical two-temperature disk model, using
our simulation data as boundary conditions (Manmoto
et al. 1997; Yuan et al. 2000). Using the profiles, we
can quantify the radiation spectrum of a RIAF onto a
wandering BH embedded in a hot, diffuse plasma. Al-
though the model includes several free parameters (e.g.,
the strength of viscosity and the fraction δ of turbulent
dissipation that heats the electrons directly) to charac-
terize the disk properties, we choose their parameters
so that the relation between the radiative efficiency and
BH accretion rate becomes consistent with the efficiency
model by Inayoshi et al. (2019). The model is based on
the results of MHD simulations that include general rela-
tivistic effects and frequency-dependent radiation trans-
port by Ryan et al. (2017), and a semi-analytical model
by Xie & Yuan (2012). The details of the model are
given in Appendix B.
In the following, we consider the radiation spectra
from wandering BHs that accrete gas at the outskirts
of elliptical galaxies, the Milky Way, and satellite dwarf
galaxies, and discuss their detectability by ALMA, VLA,
and future facilities such as ngVLA.
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Figure 11. Radiation spectra from a wandering BH
that accretes hot and diffuse plasma in the outskirt of the
massive elliptical M87 galaxy. Each curve corresponds to
the case with different BH mass (107 ≤ M•/M ≤ 108)
and Mach number (0.5 ≤ M ≤ 2.0). The black solid
curve shows the ALMA sensitivity to continuum emission,
which is manually calculated by the sensitivity calcula-
tor provided by observatory (https://almascience.nrao.edu/
proposing/sensitivity-calculator). The sensitivity at each
frequency is calculated adopting the rms noise level achieved
by single point 1 hour on-source integration (assuming pre-
cipitable water vapor of 0.472 mm). The black dashed
curve indicates the VLA sensitivity to continuum emission
for 1 hour on-source integration, which is manually calcu-
lated by the sensitivity calculator provided by observatory
(https://obs.vla.nrao.edu/ect/). The black dotted curve is
the ngVLA continuum sensitivity demonstrated by the per-
formance estimates in their website. (https://ngvla.nrao.
edu/page/performance). We set the distance to M87 galaxy
(D = 16.68 Mpc) and adopt the Chandra observational data
from Russell et al. (2015) to model the properties of gas sur-
rounding a wandering BH. Wandering BHs with masses of
M• & 3 × 107 M, if any, could be detectable with ALMA
and VLA.
4.1. Elliptical galaxies
In the framework of hierarchical structure formation
in the ΛCDM model, lower mass galaxies form first,
and they subsequently merge to build larger objects.
In this paradigm, massive elliptical galaxies in the lo-
cal universe are expected to experience a large number
of galaxy mergers in a Hubble time. As a natural result
of multiple dry mergers at low redshifts (gas-rich merg-
ers at high redshifts), binary SMBHs form at the galac-
tic core, and some of them merge into a single SMBH
through multi-body BH interactions that likely eject the
smallest BHs from the core (Ryu et al. 2018; Zivancev
et al. 2020). Therefore, some ejected BHs, depending
on the kick velocity, are still bound within the galactic
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Figure 12. The radio luminosity at 100 GHz for different
BH masses and Mach numbers. The horizontal lines are
the threshold for detections with the ALMA and ngVLA,
assuming the distance to M87.
halo and orbit at velocities of v∞ ∼ σ?, where σ? is the
stellar velocity dispersion. When the orbiting BHs are
fed with the diffuse gas of the surrounding host, they
emit non-thermal radiation, as discussed below.
As an example of a massive elliptical galaxy, we con-
sider M87. To model the properties of gas surrounding
a wandering BH, we adopt the Chandra observational
data from Russell et al. (2015): the electron density
ne ≈ 0.11 cm−3 (ρ ≈ 1.84× 10−25 g cm−3) and temper-
ature T ≈ 1.9 × 107 K (cs ≈ 6.5 × 102 km s−1) for gas
at a distance of r ≈ 2−3 kpc from the center. Since the
mass of the central SMBH is as high as ' 6 × 109 M
(Gebhardt et al. 2011; Event Horizon Telescope Collab-
oration et al. 2019), the masses of the wandering BHs
would be in the range M• ≈ 107−8 M, which corre-
spond to BH mass ratios of q ≈ 10−3 − 10−2. These
mass ratios are reasonable for massive ellipticals have
frequently experienced minor dry mergers (see Figure 1
in Ryu et al. 2018). The orbital velocity of the moving
BH is estimated as v∞ ∼ σ? ' 321 km s−1 (the stellar
velocity dispersion is taken from Babyk et al. 2018), cor-
responding to M ' 0.5. Since this estimation is some-
what uncertain and the result is sensitive to the choice
of M, as shown below, we treat the Mach number as a
free parameter in the range of 0.5 ≤ M ≤ 2. For ref-
erence, for a BH with M• = 3 × 107 M moving at a
velocity ofM = 1, the BH feeding rate is approximated
as ∼ 0.2 M˙BHL = 2.2× 10−7 M˙Edd for the A1 run.
Figure 11 presents the radiation spectra with different
BH masses of M• = 107, 3×107, and 108 M and Mach
numbers of M = 0.5, 1.0 and 2.0. We also overlay
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Table 2. Luminosity of wandering BHs.
Name D (Mpc) log (M•/M) ne (cm−3) T (keV) log m˙ log (Lbol/erg s−1) log (Fνp/µJy)
M87 16.68 9.789±0.027 0.114±0.016 1.650±0.050 −5.918±0.104 38.268±0.220 2.685±0.115
NGC 507 70.80 9.210±0.160 0.029±0.009 0.965±0.015 −6.742±0.288 36.132±0.695 −0.344±0.618
NGC 1316 20.95 8.230±0.080 0.033±0.007 0.620±0.010 −7.385±0.181 33.923±0.437 −1.551±0.404
NGC 4374 18.51 8.970±0.050 0.022±0.005 0.595±0.025 −6.778±0.157 35.703±0.486 0.422±0.328
NGC 4472 16.72 9.400±0.100 0.029±0.010 0.785±0.005 −6.418±0.233 36.944±0.543 1.620±0.393
NGC 4552 15.30 8.920±0.110 0.018±0.004 0.455±0.035 −6.738±0.257 35.863±0.592 0.621±0.469
NGC 4636 14.70 8.490±0.080 0.028±0.011 0.485±0.015 −7.029±0.244 34.879±0.545 −0.336±0.443
NGC 5044 31.20 8.710±0.170 0.050±0.009 0.645±0.015 −6.748±0.254 35.644±0.658 −0.294±0.534
NGC 5813 32.20 8.810±0.110 0.042±0.009 0.585±0.015 −6.661±0.208 35.856±0.563 −0.085±0.396
NGC 5846 24.90 8.820±0.110 0.042±0.009 0.625±0.015 −6.689±0.210 35.859±0.515 0.128±0.396
Note—Column 1: galaxy name; Column 2: distance; Column 3: mass of the central BH; Column 4 and 5: electron density and
temperature at ∼ 2−3 kpc; Column 6: accretion rate normalized by the Eddington rate (m˙ ≡ M˙/M˙Edd) by the scaling relation
from the simulation A1, assuming the wandering BH mass is 1% of the central BH mass and M = 0.5; Column 7: bolometric
luminosity; Column 8: radiation flux density at νp = 100 GHz. The distance and central BH mass are taken from (Inayoshi
et al. 2020, references therein). The electron density and temperature are taken from Russell et al. (2015) for M87 galaxy and
from Russell et al. (2013) for the others.
the sensitivity curve of ALMA, assuming a distance of
16.68 Mpc for M87 (Blakeslee et al. 2009). For all the
cases, the radiation spectra have peaks in the millimeter
band at νp ' 100 GHz, where the ALMA sensitivity is
the highest. The peak luminosity increases and exceeds
the ALMA sensitivity with higher BH masses and lower
Mach numbers.
In Figure 12, we show the 100 GHz continuum lu-
minosity as a function of BH mass M• for different
Mach numbers. The two horizontal lines correspond
to the detection limit for ALMA (solid) and ngVLA
(dashed), respectively. This shows that wandering BHs
with M• & 2× 107 M and M . 1 could be detectable
with ALMA. The detectable BH mass is reduced by a
factor of 2 − 3 with ngVLA, whose sensitivity is one
order of magnitude higher than that of ALMA. Note
that if those BHs are wandering at larger distances of
∼ 5− 10 kpc from the galactic center, where the plasma
density is lower, their luminosities decreases and thus
the detection threshold for the BH mass increases by a
factor of ∼ 2− 4.
We apply this argument to other nearby massive el-
liptical galaxies, assuming the existence of wandering
BHs at their galaxy outskirts. Taking the observational
data from Russell et al. (2013, 2015) and Inayoshi et al.
(2020), we estimate the properties of gas surrounding
those BHs and quantify their predicted bolometric lu-
minosities and 100 GHz flux densities. The errors of
density and temperature are given by the maximum and
minimum values at distances of r ' 2− 3 kpc from the
centers. We assume the mass of the wandering BH to be
1% of the central SMBH mass, and we choose M = 0.5
(note that σ?/cs ' 0.5− 0.8 for most cases in our sam-
ple). As shown in Table 2, the bolometric luminosi-
ties produced from wandering BHs are in the order of
' 1035−36 erg s−1 and the flux densities at 100 GHz are
10−1 − 103 µJy. We note that the ALMA sensitivity at
100 GHz is ∼ 9 µJy for 1 hour on-source integration.
Therefore, BHs, if any, wandering at the galactic out-
skirts could be detectable in M87 and NGC 4472. With
the capability of ALMA, only a few nearby (. 20 Mpc)
ellipticals are interesting targets for hunting wandering
BHs.
Finally, we generalize this argument for early-type,
gas-poor galaxies of several morphological types and give
an estimate of the millimeter luminosity from wandering
BHs as a function of the stellar velocity dispersion σ?.
To characterize the gas density and temperature of the
ambient environment of the wandering BH, we approx-
imate the density profile with an isothermal β-model
ρ =
ρ0
(1 + r2/r2c )
1.5
, (13)
where rc is the core radius, and the core density and gas
temperature are estimated with Eqs. (22) and (23) in
Zivancev et al. (2020) (scaling relations fitted with data
from Babyk et al. 2018) as
log
(
ρ0
g cm−3
)
= 0.6 log
( σ?
100 km s−1
)
− 23.8, (14a)
log
(
T
keV
)
= 2.50 log
( σ?
100 km s−1
)
− 1.06. (14b)
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We estimate the mass of the central SMBH using the
M• − σ? relation (Kormendy & Ho 2013) and set the
mass of the wandering BH to 1% of the nuclear SMBH.
As reference, the orbital distance of the wandering BH
from the galactic center is set to r = 3 rc, and its velocity
relative to the surrounding hot gas is set to M = 0.5.
We estimate the relation between the luminosity at νp =
100 GHz and the central velocity dispersion as
log
(
νpLνp
erg s−1
)
= 7.6 log
( σ?
100 km s−1
)
+ 32.1. (15)
For distances comparable to that of M87, galaxies with
σ? & 320 km s−1 yield νpLνp & 1036 erg s−1, which can
be detected by ALMA.
4.2. Milky Way
The existence of intermediate-mass BHs (IMBHs;
see a recent review by Greene et al. 2020) with
M• & 104 M in our Galaxy has been argued based
on observations of high-velocity compact clouds (Oka
et al. 2017; Tsuboi et al. 2017; Ravi et al. 2018) and
theoretical/numerical studies (Volonteri & Perna 2005;
Bellovary et al. 2010; Tremmel et al. 2018b). Tremmel
et al. (2018a) predict that Milky Way-size halos would
host ∼ 10 IMBHs within their virial radii, and that they
would wandering within their host galaxies for several
Gyr.
We apply the same exercise as in §4.1 for wander-
ing BHs with kpc-scale orbits within the Milky Way.
To model the properties of the hot gas surrounding the
Milky Way halo, we adopt the results of the Suzaku
X-ray observations (Nakashima et al. 2018), which esti-
mate a plasma temperature of T ' 3 × 106 K and an
emission measure of EM ' (0.6− 16.4)× 10−3 cm−6 pc.
Based on these results, we adopt ne = 0.01 cm
−3 as
the gas density around wandering BHs3. In Figure 13,
we show the radiation spectra of wandering BHs with
M• ≈ 3 × 104 − 3 × 105M located at ∼ 10 kpc from
the Earth. The spectra in the millimeter band extend to
lower frequencies, where (ng)VLA has the highest sensi-
tivity. We could detect IMBHs down to M• & 105 M
for M . 1.
There is additional indirect evidence of the existence
of hot gas in the Milky Way halo at distances larger than
∼ 50 kpc, based on observations of the Local Group
dwarf galaxies with gas removed by ram-pressure strip-
ping (Grcevich & Putman 2009) and absorption lines
3 The electron number density is inferred as ne ≈ 4×10−3 cm−3
in Nakashima et al. (2018), assuming spherical and disk-like distri-
butions of gas. The value we adopt is higher than the median by
a factor of 2.5, but is within the spatial fluctuation of the emission
measure.
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Figure 13. Similar to Figure 11, but for accretion flows of
wandering BHs in the outskirt of Milky Way.
of high-velocity clouds associated with the Magellanic
Stream that is close to pressure equilibrium with a hot
plasma (Fox et al. 2005). Those observations suggest
a lower density for the hot gas halo (n ≈ 10−4 cm−3),
which, if true, would imply that wandering BHs in the
Milky Way halo are too dim to be detected.
4.3. Dwarf galaxies
Observations have identified IMBHs in low-mass
dwarf galaxies with confidence down to M• ≈ 105 −
106 M, and more tentatively for M• . 105 M (Greene
et al. 2020; see also Mezcua 2017). Cosmological sim-
ulations studying the occupation fraction of IMBHs in
dwarf galaxies and find that a significant fraction of
them are not centrally located but wander within a few
kpc from the galaxy centers (Bellovary et al. 2019). This
is expected for dwarf galaxies because of their shallow
gravitational potential wells and the longer dynamical
friction timescale for the wandering BHs. Multi-body
BH interactions and GW recoils due to BH mergers fur-
ther contribute to the off-nuclear population of IMBHs
(Lousto et al. 2012; Bonetti et al. 2019).
Recent radio observations of dwarf galaxies with the
VLA by Reines et al. (2020) reported a sample of wan-
dering IMBH candidates that are significantly offset
from the optical centers of the host galaxies. Based
on an empirical scaling relation between BH mass and
total stellar mass, thee authors argue that the candi-
date wandering BHs might have masses in the range
M• ≈ 104 − 106 M. With radio luminosities of
∼ 1020 − 1022 W Hz−1 at ν0 = 9 GHz, the source are
radiating at & ν0Lν0 ' 10−6 LEdd. Based on the radia-
tive efficiency model for RIAFs, this level of (bolomet-
ric) luminosity can be produced only when BHs accrete
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at relatively high accretion rates of m˙ ≈ 10−4. How-
ever, at such a high accretion rate, radio synchrotron
photons are heated to X-rays via inverse-Compton scat-
tering (Ryan et al. 2017).
The brightness of the radio emission could be ex-
plained by synchrotron radiation from non-thermal elec-
trons accelerated in a relativistic jet instead of arising
from a disk. Since the majority of the Reines et al.
candidate wandering BHs are point-like sources at a
resolution of ∼ 0.′′25 (which corresponds to a physical
scale of ∼ 85 pc at the median distance of the sources),
the jet age can be constrained to . 103 yr for an as-
sumed jet propagation speed of ∼ 0.3 c (e.g., Nagai
et al. 2006; Orienti & Dallacasa 2008). The hypothe-
sis of young jets seems consistent with their steep spec-
tral indices (Fν ∝ ν−0.79), analogous to compact steep-
spectrum sources (O’Dea 1998), although the spectral
indices were estimated over a narrow frequency range
(9− 10.65 GHz).
5. SUMMARY
We perform 3D hydrodynamical simulations to inves-
tigate the dynamics of radiatively inefficient gas accre-
tion flows onto massive BHs orbiting around the out-
skirts of their host galaxies in the presence of a hot
and diffuse plasma. A population of wandering BHs
can arise from ejection from the galactic nuclei through
multi-body BH interactions and GW recoils associated
with galaxy mergers and BH coalescences. We find that
when a wandering BH is fed with hot, diffuse plasma
with density fluctuations, the accretion flow forms a ge-
ometrically thick and hot disk. Owing to a wide dis-
tribution of inflowing angular momentum, the mass ac-
cretion rate is limited at ∼ 10%− 20% of the canonical
Bondi-Hoyle-Littleton rate and decreases as the inner-
most radius decreases following a power law rin ∝ r−1/2.
Using the simulation results, we further calculate the
radiation spectra of the radiatively inefficient accretion
flows, which peak in the millimeter band (∼ 100 GHz).
We show that the predicted signal may be dectable
with ALMA for a hypothetical wandering BH with
M• ' 2 × 107 M orbiting a massive (σ? & 300 km/s)
nearby elliptical galaxy such as M87, or M• ' 105 M
moving through the halo of the Milky Way. The sensi-
tivity will improve with future facilities such as ngVLA.
Our radiation spectral model, combined with numerical
simulations, can be applied to provide physical interpre-
tations of candidate off-nuclear BHs detected in nearby
dwarf galaxies, which may constrain BH seed formation
scenarios.
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APPENDIX
A. A TOY MODEL OF THE ACCRETION
We briefly describe the physical reason why the mass inflow rate within the BHL radius scales with ∝ r1/2, as seen
in our simulations. For simplicity, we consider only the density perturbation along the y-axis (note that the density
gradient to the z-axis does not affect the following argument because of its symmetry cross the z = 0 plane), and thus
the density field at infinity is expressed as
ρ = ρ∞{1 + sin(ky)}, (A1)
where k = 2pi/λ and the amplitude is set to unity. Let us consider a test particle (or supersonic fluid particle) that has
a velocity of v = −v∞xˆ at x → +∞ and a distance of ζ =
√
y2 + z2 from the x-axis, where (y, z) is the position of
the particle at infinity. Defining cosα = y/ζ, the specific angular momentum of the particle to the z-axis is given by
jz(ζ, α) = v∞ζ cosα. From a simple analytic calculation, one finds that particles with the same value of ζ will collide
behind the BH at a distance of r0 = ζ
2v2∞/(2GM•). In the classical picture in Hoyle & Lyttleton (1939), where the
density gradient and fluctuation are not considered, the net angular momentum is set to zero. On the contrary, with
density fluctuations, a non-zero angular momentum is left due to mass asymmetry:
j¯z(ζ) =
2pi∫
0
ρ∞(1 + sin(kζ cosα))v∞ζ cosαdα
2pi∫
0
ρ∞(1 + sin(kζ cosα))dα
= v∞ζJ1(kζ), (A2)
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where J1(x) is Bessel function of the first kind, and we obtain j¯z/jKep(r0) =
√
2 J1(kζ).
Let us focus on mass accretion of flows with ζ . RBHL. For given ζ, three different types of accretion flows are
considered, depending on the wavelength of the density fluctuation. For kζ  1, the system asymptotically approaches
the canonical BHL accretion. For kζ  1, the net angular momentum becomes as small as ∼ O(1/kζ), but the flow
becomes turbulent. In this case, the accretion rate is close to the BHL rate. For kζ . 1, which corresponds to the
case of interest, the net angular momentum is approximated as j¯z/jKep ∼ kζ/
√
2, and thus the circularization radius
is given by rc = k
2v2∞ζ
4/(4GM•). Therefore, the mass inflow rate M˙in through radius r consists of gas flows from
ζ < ζ0 ≡ {4GM•r/(k2v2∞)}1/4 at infinity, and is expressed as
M˙in(r) =
ζ0∫
0
dζ
2pi∫
0
dα ζρv∞ = piρ∞v∞ζ20 =
1√
2
ρ∞λrvff ∝ r1/2, (A3)
where vff =
√
2GM•/r. Equating this to 4piρr2vff , we obtain
ρ =
ρ∞
2
√
2 kRBHL
(
r
RBHL
)−1
. (A4)
Note that ζ . RBHL and kζ . 1. Therefore, the density distribution is approximated as ρ ∼ ρ∞(r/RBHL)−1.
In contrast, when the wavelength is smaller than the BH influence radius, gas with lower, even negative (j¯z < 0),
angular momentum supplies a substantial fraction of mass, as shown in the case of the B1 run.
B. THE MODEL OF DISK EMISSION
To calculate radiation spectra from accretion flows around a BH, we solve the following equations to construct the
dynamical structure of two-temperature RIAFs (Nakamura et al. 1997; Manmoto et al. 1997; Xie & Yuan 2012):
M˙ = −4pirρHvr, (B5)
vr
dvr
dr
= Ω2r − Ω2Kr −
1
ρ
dp
dr
, (B6)
vr(Ωr
2 − j) = −αrp
ρ
, (B7)
ρvr
(di
dr
− pi
ρ2
dρ
dr
)
= (1− δ)qvis − qie, (B8)
ρvr
(de
dr
− pe
ρ2
dρ
dr
)
= δqvis + qie − qrad, (B9)
where H = cs/ΩK is the disk scale height, Ω is the angular velocity, ΩK is the Keplerian angular velocity on the
equatorial plane, j is the eigenvalue of the equations, α is the viscous parameter,  is the specific internal energy,
qvis ≡ −αpr dΩdr is the heating rate due to viscous dissipation, qie is the energy transfer rate by Coulomb collisions
between ions and electrons, and qrad is the radiative cooling rate that includes synchrotron, bremsstrahlung and inverse
Compton scattering. We use the pseudo-gravitational potential φ = −GM/(r− rSch) (Paczyn´sky & Wiita 1980). The
pressure is given by the sum of gas pressure and magnetic pressure (p = pgas + pmag), where the magnetic pressure
is set by assuming the global plasma-β value of β = pgas/p. The subscripts “i” and “e” denote physical quantities of
ions and electrons, respectively. Following the numerical procedure in Nakamura et al. (1997), the equations are first
reduced to a set of differential equations of v, Ti and Te. Given the values of the global parameters M, M˙, α, β, δ, s
and outer boundary values of vr, Ti, Te, we numerically solve those equations, and find the physical global solution by
adjusting the eigenvalue j.
With the flow solution, we calculate the radiative flux from the flow, taking into account synchrotron, bremsstrahlung
and inverse Compton scattering for the calculation of spectrum (see more details in Manmoto et al. 1997). The
unscattered spectrum at a distance of r is given by
Fν(r) =
2pi√
3
Bν
[
1− exp
(√
3piκνH
)]
, (B10)
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Figure 14. The radiative efficiency for RIAFs as a function of the BH accretion rate in units of M˙Edd (solid curve; see
more details in Inayoshi et al. 2019). The red symbols present the results obtained from our radiation spectral model, where
α = 0.1, β = 0.8, and δ = 0.9.
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Figure 15. The luminosity at 100 GHz for various values of s(≡ d ln M˙/d ln r) as a function of BH mass. The model parameters
are the same as in the case withM = 1 shown in Figure 12. The 100-GHz luminosity is reduced by one order of magnitude for
s ' 0.5.
where κν = χν/(4piBν) and χν = χν, brems + χν, synch is the emissivity. Using the formula given by Coppi & Blandford
(1990), we calculate the Compton-scattered spectrum. In integrating the flux over the disk, we consider the Doppler
effect of emerging photons (observed from infinity) due to the BH gravity, as Iobs = (νobs/ν)
3Iν , where νobs/ν =√
1− (rSch/r).
In this model, there are three free parameters (α, β and δ) to characterize the disk properties. We calibrate these
parameters so that the radiative efficiency for a RIAF modeled by Inayoshi et al. (2019), based on GRRMHD simula-
tions (Ryan et al. 2017) and semi-analytical calculations (Xie & Yuan 2012), is reproduced as shown in Figure 14. In
our calculation in §4, these parameters are set to α = 0.1, β = 0.8, and δ = 0.9. We also use the values at the inner
boundary of our simulations as the outer boundary conditions of the calculations.
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Finally, we generalize the radiation spectral model, considering the radial-dependent mass accretion rate,
M˙(r) = M˙0
(
r
rin
)s
, (B11)
where rin is the location of the innermost cells in our simulation domain and M˙0 is the mass accretion rate at r = rin.
In §4, we assume a constant accretion rate (i.e., s = 0). As shown in Figure 10, however, the mass inflow rate
decreases toward the center, indicating s ' 0.5. Numerical simulations of RIAFs also show that a positive gradient
of the inflow rate ceases and the net accretion rate becomes constant within a transition radius rtr ≈ (30− 100) rSch
(e.g., Abramowicz et al. 2002; Narayan et al. 2012; Yuan et al. 2012; Sadowski et al. 2015). We study the dependence
of radiation spectra on the value of s. In Figure 15, the luminosities at 100 GHz for various values of 0 ≤ s ≤ 0.5 are
shown, where rin = 0.08 RBHL, rtr = 100 rSch, andM = 1 are adopted. As a result of the reduction of accreted mass,
the radio luminosity decreases as ∝ (rtr/rin)2s ∼ 10−2s, which increase the detectable mass of wandering BHs by a
factor of ∼ 3 for s = 0.5
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